Abstract-Mode conversion of via discontinuities in multilayer interconnect structures is investigated. Electromagnetic waves travelling along the transmission channels consisting of the horizontal transmission line and vertical via generally excite higher order evanescent modes as well as other propagating modes when encountering discontinuities. Current distributions along the transmission channel are determined by the method of moments and the Galerkin weighting procedure. Matrix pencil method is used to obtain the electromagnetic solutions in frequency domain, the currents along the channels is split into forward and backward multiple mode traveling-wave amplitudes, and dominant modes are extracted for further analysis about radiation mechanism.
INTRODUCTION
Vias in microwave and high-speed printed circuit boards (PCBs) and packages are among the components of most concern due to several advantages it offers:
1. provides the shortest approach to connect signal lines in different layers which is crucial as operating frequencies reach to microwave range or even higher. 2. To increase integration density of electronic devices, multilayer structure with vias is indispensable in high-speed electronic systems.
In typical multilayer microwave circuits, a single-ended through via generally penetrates several ground and power planes to connect two microstrips or striplines in different layers, as shown in Figure 1 (a). From the cross section view, when the signal travelling along the transmission channels, impedance mismatch or discontinuities including vertical bends and parallel-plates environment will be met. These discontinuities will generally excite new high order wave and reflecting wave. The phenomenon of new mode excitation at discontinuities is called mode conversion. The mode conversion between interior ground-planes has already been investigated in detail in [1] by fullwave and SPICE circuit simulation. In this paper, the focus is set to the transition between microstrip and vertical via, as outlined by dashed rectangle in Figure 1 (b), and this transition can be approximated as a junction between microstrip and a coaxial line in nature.
To investigate the mode conversion of junction, under the assumption that the ground plane is finitely large we could simplify the problem by connecting the vertical via to the ground plane. This method enables the simplification of modeling and calculation.
In order to give a clear insight of via behavior due to discontinuities, the transition between microstrip and vertical via is modeled using HFSS as shown in Figure 2 (a), and scattering parameters is obtained in Figure 2 (c) plotted by solid lines. The filling substrate is Rogers RO4350B, and microstrip characteristic impedance is adjusted to be 50 Ohms.Wave port is employed to let in excitation. The effect of horizontal microstrip portion is also characterized in Figure 2 (b), and simulation result is sketched in Figure 2 (c) by dotted-lines showing that transition is nearly perfect. Clearly, transition leads to more and more signal reflection as frequencies rise. 
FORMULATION
Matrix-Penciled Moment Method [2] is used to analyze structure under investigation. According to [3] , the majority of the conduction current is in the propagation direction, and the transverse currents are roughly four orders of magnitude lower than the longitudinal currents. So only the longitudinal current is considered for the sake of simplicity in this paper, and the strips can be alternated by metallic solid cylinder without loss of generality. Under the thin wire approximation, the current is assumed to be placed on the curved wire, and satisfies the following Pocklinton Integral Equation
After discretizing, the method of moments (MoM) is used to approximate the current density, the Galerkin weighting procedure is deployed to obtain a set of linear equations in the form:
where Z mn is the reaction term between the mth basis function and nth basis function, [V ] is the excitation array, and c n is the to-be-determined current coefficient of the problem. Matrix pencil post-treatment [4] is then used to extract the propagation constants and modal amplitudes of all the guided modes existing on the wire. If we consider M significant modes, we get
where γ i and b i are, respectively, the complex propagation constant and the modal amplitude of the ith-order mode. N t is the total number of sampled points, and ∆ is the distance between two of the nearby sampling points (length of the cell 
Note that the incoming and outgoing waves are considered as two different modes in the matrix pencil method.
NUMERICAL RESULTS
For computational simplicity, a structure with the physical parameters described in [2] is considered. Due to its high frequency range, when the TEM wave travels along the transmission line, there will be some apparent radiation which can not be neglected. As TEM wave traveling along the wire encounters vertical bend, the bend discontinuity will cause severe wave reflection for impedance mismatching. Incident wave and reflected wave will thus merge to become total wave (corresponding to current distribution) on the transmission line. With given physical parameters and the choice of basis functions shown in Figure 3 , the unknown current coefficient c n along the wire can be solved by (5) , and is shown in Figure 3 . Note that the magnitudes of both the real and the imaginary parts are calculated at every sampling point in spatial domain. With the imaginary part corresponding to the energy storage and radiation, we can easily draw the conclusion that more energy can be stored or radiated as frequencies increase. By matrix pencil method, the M significant modes of the electromagnetic field existing on the wire can be extracted. The choice of the parameter M is done after the SVD of [Y 0 ]. One looks at the ratio of the various singular values to the largest one. Typically, the singular values beyond M are set equal to zero. The way M is chosen is as follows. Consider the singular value σ c such that
where p is used to filter noise in the data (If the data provided is precise, p is used to obtain existing modes, as is adopted in this paper). For example, if p is chosen to be −3, then the singular values for which the ratio in Equation (11) is below are considered as noise singular values, and should not be used in the reconstruction of the data. In this particular via discontinuities, current distribution is the data to be investigated, but due to the model equivalence and the truncation error of numerical computation, noise is inevitable. 
According to different choices of p values, the number of significant modes M can be calculated, as shown in Tables 1-3 . If β i < 0, the ith mode is forward mode, it corresponds to the incident wave; if β i > 0, it's backward mode and corresponds to the reflected wave. By this procedure, all existing modes are divided into two categories, so incident/reflected waves and their amplitudes can be calculated at the truncated end or elsewhere on the transmission line. It's well known that, for an electromagnetic wave propagating in lossy medium, the amplitude of the wave will damp along the propagating direction, so If β i < 0 the attenuation coefficient must satisfy α i < 0, and If β i > 0 then α i > 0. Keep this in mind, we can find out false poles in the above three tables (the third mode in Table 1 , the first and last mode in Table 2 and the first mode in Table 3 ), which must be eliminated. In the matter of fact, these false poles mainly represent incident sources. The left modes are all normal ones. And the amplitudes of dominant mode of incident and reflected waves are A = 0.2713 and B = 0.2104, respectively. In a region far enough from the impressed source port and the discontinuity, higher order modes have negligible amplitudes so that the electric field behavior along the line is of the form
The propagation constant β of the microstrip being computed in advance, the values of V + , V − are defined by voltage magnitudes of incident and reflected waves. It is also worth mentioning that the incident source having large attenuation coefficient conforms to previous assumption that incident source is only set at the port. The total amplitude of incident source,forward and backward wave summation equals exactly unit amplitude, which indicates conservation of energy.
Radiation is the crucial word in full-wave modeling, and we assume that the structures under study are open, thus we postulate from the very beginning that the surface currents existing on the conducting parts will radiate. The normalized equivalent impedance Z sc of the grounded via is given by Z sc = (1 + Γ sc )/(1 − Γ sc ). Figure 4 shows the real and imaginary parts of Z sc versus the frequency for the via structures with the original parameters. It's observed that Re{Z sc } first increases gradually and then more drastically, which reveals the radiation mechanism of via structure. Note that the imaginary part is approximately proportional to frequency when operating frequency is less than ten GegaHz, which confines with quasi-static analysis of short circuit problem implemented in [5] without considering radiation effect shown in Figure 5 : Figure 4 : The normalized impedance versus the frequency for default structure and parameters. Figure 5 : The quasi-static equivalent circuit.
At lower frequencies, the real part tend to be zero, radiation is respected to be very low, and quasi-static method is applicable for successfully predicting the imaginary part of Z sc . But as frequencies go higher, the real part becomes non-negligible compared to its imaginary part, and also the quasi-static model fails to predict the imaginary part since it's no longer proportional to operating frequencies.
CONCLUSION
Mode conversion caused by via discontinuities is a critical issue in designing microwave circuits. At lower frequencies, the effects of vias are so negligible that they may be used freely; but as operating frequencies extend to multi-Gigahertz, the concern over via's effect on system performance has become a topic of discussion. Through theoretical analysis, It's generally concluded that:
(1). The via discontinuities may excite many other modes on the trace when an incident TEM mode is imposed on the trace end. (2) . The imaginary part of current coefficient along the wire, which corresponds to energy storage and radiation, increases versus operating frequencies. (3). Signal attenuation is observed from the propagation constants of all existing modes. (4). The high order modes decrease rapidly from the source port, only the dominant modes of incident and reflected wave need to be considered in a region far enough from the impressed source port and the discontinuity. (5). The real part of normalized equivalent impedance growing rapidly with frequency, corresponds to radiation.
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